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We suggest possibility of Dicke superradiance in superconductors. The necessary 2-level atoms are 
identified with Anderson pseudo spins in k-space, seeing a k-dependent self consistent mean field. 
A way to couple these 2-level bose atoms to a macroscopically excited coherent boson mode and 
create a novel nonequilibrium superradiant superconductivity (SRSC) is suggested. Our coherence 
transfer mechanism offers a hope to realize transient superconductivity, even at room temperatures, 
in the pseudo gap phase of certain underdoped cuprates. Recent experiments are briefly discussed 
in the light of our theory. Quantum entanglement, QCP and superfiuorescence properties follow. 
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Introduction Superconductivity is a remarkable 
macroscopic manifestation of quantum mechanics. A 
rich physics and phenomenology, including Meissner and 
Josephson effects are parts of superconductivity 
Dicke's Superradiance [2j is another macroscopic mani- 
festation, exhibited by a collection of 2-level atoms inter- 
acting with a single boson mode. The coupled system can 
develop quantum coherence, enhanced emission proper- 
ties and complex dynamics. Certain phenomena in NMR, 
ESR, optics and cold atoms are related to superradiance. 

In the present work we suggest a way to combine su- 
perconductivity and superradiance, We call the resul- 
tant non equilibrium state as superradiant superconduc- 
tivity (SRSC). In our proposal a macroscopically occu- 
pied long wavelength single boson mode interacts with a 
collection of independent 2-level atoms located in k-space 
and creates a Dicke superradiant situation, under certain 
conditions. In this state certain deformation of Cooper 
pair wave function is entangled with a coherent external 
bosonic mode. 

Interaction of coherent electromagnetic radiation and 
ultrasound with superconductor is a well studied 
subject 0-0. Our proposal of SRSC may have relevance 
to some known results. An exciting recent development 
is experimental observation of transient superconductiv- 
ity well above Tc, induced by certain femtosecond laser 
pulses, in the pseudo gap phase of cuprates @, 

In a pioneering theoretical work Eliashberg Q in 1970 
showed that microwave induced quasi particle redistribu- 
tion self consistently enhances gap values and Jc. Works 
by Scalapino, Owen and Chang [5|, also focused on quasi 
particle redistribution. In a later theory in 1994, Mcin- 
tosh and Lindesey 0] showed that stimulated emission 
and reabsorption of photon by correlated electron pairs 
play a fundamental role in superconductivity enhance- 
ment. This key insight is one of the triggers for our 
proposal. Interestingly, in 1968, there was a theoreti- 
cal suggestion Q for photon induced room temperature 
superconductivity. 

In what follows, we start with an ideal BCS supercon- 
ductor and show how Dicke superradiance emerges, when 



the wavelength of the macroscopically occupied external 
single boson mode A > L, the sample size L. Then we dis- 
cuss how our mechanism could gnerate transient super- 
conductivity abouve Tc and discuss recent experiments 
[8j and (see note jsj in the light of our mechanism. 

In our work we make the tacit assumption that there 
are suitable relaxation processes involving quasiparticles 
and phonons that drains energy to the heat bath effi- 
ciently to avoid heating. At the same time some energy 
gets pumped to the electronic sub system to help reach 
a new non equilibrium coherent state for a short time 
scale. It is the nature of non equilibrium coherent state 
that we are after. To achieve this we assume that the 
coherent state of the single boson mode is long lived and 
does not radiate away its energy. It exchanges its quanta 
with the electron subsystem only and gets quantum en- 
tangled. Ours is an equilibrium statistical mechanics ap- 
proximation tailored to get a glimpse of a remarkable non 
equilibrium situation. 

Model. To develop our theory we follow Anderson's 
pseudo spin formulation of BCS theory [l{j. It helps us 
to view BCS mean field eigen states as a k-space lattice 
containing 2-level bose atoms and free fermions. Con- 
sider time reversed single particle states (k 'f , — k J,), 
with empty state written as |0)k- To generate complete 
Fock space, we need only 4 states in each (k f , k 4-) 
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BCS interaction mixes only the and 2-fermion states. 
Resulting ground and excited paired states are two or- 
thogonal states: \g) k = (u k + Vfccj^-fcJ.)! ^ and \e) k = 



(u k c 
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Vk)\0)k- We call these 2-level bosonic states 



as Anderson atom or A- atom. A- atom carries zero total 



momentum. Single fermion states cj^|0)k and 
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in (k f, k I) remain unaffected by BCS interaction. 

An A-atom close to fermi suface is special (see note 
[lll|). It is a coherent superposition of and 2-electron 
states. Consequent non zero value of the product u k v k , 
around the fermi surface quantifies superconductivity. 
BCS mean field Hamiltonian has the familiar form: 
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where, Bogoliubov quasi particle operators a k = 
u k c\ a + uv k c_ k _ a and a ka = u* k c ka + <JvjJ_ k _ a . The 

quasi particle energy e k = J - /z) 2 + A 2 . 

Complete set of BCS mean field eigen states can be 
written as product over all states, (k f, k |), each 
containing either an A-atom in the ground or excited 
state or a single upspin or down spin fermion state. Bo- 
goliubov quasi particle operators have very simple ac- 
tion on the BCS eigen states. BCS vacuum, \BCS) = 
Y\ k {u k + v k c k ^c_ k ^)\§) is annihilated by the annihilation 
operator, a qa \BCS) = 0. 

Bogoliubov creation operator, while acting on the BCS 
ground state, removes an A-atom and replaces it by a 
fermion: a f qt \BCS) = U k7 t q ( u k + ^fc4t c -fe4.)l°) and 
aljBCS) = cl qi l[^ q (u k + v k cl t cl kl )\0). 

What is the operator that excites an A-atom ? Pair of 
Bogoliubov quasi particle operators a* ^a*_ ^ with total 
momentum zero and total spin projection zero, acting 
within (q f, q \) excites an A-atom: a q ^cJ_ q ^\BCS) = 

The 2-level (bosonic) A-atom subspace can be studied 
using pseudo spin (Pauli) operators. Pseudo spin oper- 
ators (see note [l2j]) are defined as, a k = (1 — a\^a k ^ — 

a -ki a -ki)' a t = a lf a -U and a k = a- ki a kt . 

The BCS mean field Hamiltonian (equation 1) in the 
boson subspace takes a suggestive form : 

H m f = - y^£fcgfc, (2) 

It describes a collection of non-interacting pseudo spins 
in the prsence of a k-dependent magnetic field of mag- 
nitude e k . Energy level separation of a 2-level A-atom 
is 2e k . Notice that long range interaction in k- space in 
the BCS Hamiltonian leads to free spins in the mean field 
description, but in the presence of a self consistent mean 
field of magnitude e k in k-space. In our pseudo spin basis 
BCS ground state is a fully aligned ferromagnet, while in 
Andersons basis pseudo spins twist to form Bloch wall 
across the fermi surface in k-space (see note 

Now we consider a simple way to couple A-atoms se- 
lectively to a single external boson mode, with creation 
and annihilation operators (b^ , b) . Interaction of elec- 
trons with this mode, in the long wave length (zero mo- 
mentum transfer) limit, A >> L, where L is the size of 
the sample, has a simple form: 

H ^ = 7^ E S *( C L<** + H.c.)(b + tf) (3) 

Here B^ is a momentum dependent coupling constant 
and N ~ number of electrons in the interaction region. 
In terms of Bogoliubov quasiparticle operators, 

Him = M u l - B_ k vl)a\ a a ka {b + &t) + 

+ ^J2^ Bk + B -^ UkV ^ a U a -H + H - c -)( b + br ) ( 4 ) 



We ignore non resonant terms using rotating wave ap- 
proximation. Further quasiparticle number operators can 
be also be taken care of using Hartree type of approxima- 
tions. We are left with the important pair annihilation 
and creation terms: 

Hint « B kU k v k (a{ t al H b + a_ ki a kt b r ) (5) 

Interms of pseudo spin operators it takes the form H int sa 
^2 B k u k v k (a k b + cr k b'). Thus the final form of the 
Hamiltonian of the superconductor interacting with a sin- 
gle boson mode is: 

H = hc ^b+lj - J>a| + -^^A fc (a+6 + a fe -&t) 

(6) 

where X k = (B k + B- k )u k v k . Equation 5 is a generalized 
Dicke Hamiltonian where 2-level atoms in k-space 
have a k-dependent energy level separation, The sum, 
Nf = N* + Nboson of number of excited N* atoms and 
number of photons Nb oso „ . commutes with the Hamilto- 
nian (equation 6)2e k . 

Finding a Dicke like Hamiltonian is a key result of our 
paper, from which several consequences follow. 

Notice that A-atom-boson mode coupling X k = (B k + 
B- k )u k V k is appreciable only in regions where the prod- 
uct u k v k is appreciable. That is, possibility of superran- 
diace is intimately connected with pairing phenomenon. 
The matrix element B^ = - B_fcfor electron-photon cou- 
pling. And Bfe = + B_k for electron-acoustic phonon 
coupling Thus in simple geometries, X k = for 

electron-electromagnetic radiation coupling. 

Our restriction to bosonic subspace and our effective 
Hamiltonian is a good low temperature approximation 
because i) k^T « Ao, the minimum superconducting gap 
and density of thermal fermionic quasi particles is small 
and ii) when A >> L, the boson mode excites only the 
A-atoms. 

More importantly, we have ignored back reaction, i.e., 
self consistent modification of Ufc , v^ or gap function A k , 
arising from interaction with the boson mode. We will 
see later that selfconsistent modification reinforces super- 
radiant superconductivity. 

To illustrate superradiance, consider a simple Dicke 
Hamiltonian, with identical two level atoms in resonance 
with the boson mode, H D = hu (tfb + |) - ^ Y^i a t + 
^= YliQ ) '0'i~ + ba^). For every value of N t there is an 
unique ground state, a nodeless in phase superposition 
of degenerate states with real positive coefficients. The 
ground state is a superradiant state capable of under- 
going a spontaneous emission with an emission strength 
that scales as N 2 . 

For our purpose consider a superconductor at T = 
in the presence of a macroscopically occupied single bo- 
son mode \Nb) and allow the coupled system to evolve in 
time. When Huiq start increasing towards Aq, minimum 
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of the two quasi particle gap, a set of k-points which are 
near resonance with energy of a boson quanta actively 
participate in superradiance and modify the ground state 
wave function. Net density of these active A-atoms de- 
pend on quasi particle density of states and the coupling 
constant A&. 

Dicke Hamiltonian, equation 6, admits Bethe Ansatz 
solution[l3| for k- independent A& = Ao- Using the ap- 
proximation, Afe w Ao for our set of near resonant A- 
atoms, our ground state wave function has Bethe Ansatz 
form: 

\SRSC) ~ (tf+J^Wk al t al H ) N >\BCS)® |0 b ) 
fe 

= + E w « a k) Nb \ BGS ) ® \°b) (7) 
fe 

Here | Ob) is the vacuum of the single boson mode. Su- 
perradiance mixes (hybridizes or entangles) two nearly 
degenerate neutral modes. One is the single mode exter- 
nal Bose oscillator. Second is a coherent sum of zero mo- 
mentum Bogoliubov pair excitations, Ylk w k a kt -H'' or 
equivalently an Anderson pseudo spin wave packet mode 
in k-space. It is easy to show that the second boson 
mode is a dynamic deformation of the Cooper pair wave 
function (in the relative coordinate of the two electrons, 
characterized by w^). The center of mass degree of free- 
dom of the Cooper pairs, and hence the phase of super- 
conducting order parameter is not directly influenced by 
superradiance phenomenon. 

Superradiance effect in an s-wave superconductor is 
maximum, when the boson frequency tvjjQ passes through 
minimum gap 2A Q , where quasi particle density of states 
has a maximum. If a superconductor supports excited 
Cooper bound states below 2Ao, depending on the sym- 
metry of the excited states, there will be enhanced su- 
perradiance around these bound state energies. 

It follows from our work that one should be able to see 
i) a well known quantum phase transition jljj ] , as a func- 
tion oj, A ii) enhanced quantum entanglement 1 141 a round 
the transition point and iii) superfluorescence [16| . 

Application to Pseudogap Phase of Cuprates 
Having theoretically suggested possibility of Dicke super- 
radiance in a BCS superconductor, we will address recent 
experimental observation 0, 0| of femtosecond laser in- 
duced transient superconductivity in the pseudogap nor- 
mal state of some cuprates. In the two experiments two 
different Cu-0 bond stretching modes are resonantly ex- 
cited by an 80 meV ( ~ 20 THz) femtosecond laser. In 
view of resonance, laser pumps its energy and coherence 
to the infrared phonon mode. Electronic subsystem re- 
ceives its energy and coherence from the infrared mode. 
We have a phonon-photon polariton Hamiltonian: 

H = HuocJa + HuJotfb + g(cJb + H.c.) (8) 

Here (cr,a) and (b',b) are the photon and phonon op- 
erators respectively. As wavelengths of 20 THz infrared 



radiation and the optic modes is ~ 150 microns, we will 
approximate the wavelengths by size of the sample. The 
phonon optical mode coupling 'g' is of the order of 10 
meV. This coupling will lead to interesting Rabi oscilla- 
tion between two modes, after the femtosecond photon 
pulse impinges on the superconducting crystal. 

It is safe to assume that Cu-0 stretching lattice modes 
in both experiments modulate i) site energy and ii) the 
hopping matrix element 't' of the tight binding electronic 
Hamiltonian for cuprates. To leading order in the normal 
coordinate displacement u of this mode we have t = to + 
§^\oU = t + a t (tf + b) and t D is the value of hopping 
integral in the absence of resonant excitation of Cu-0 
stretching infrared mode. 

As far as the pseudogap normal state of cuprates is 
concerned, there are experimental evidences [17H19j and 
theoretical support [2(| that this metallic state has sub- 
stantial pairing amplitude and a strong phase fluctua- 
tions. It is well described as a 2D vortex liquid above a 
Kosterlitz-Thouless transition point. This is borne out by 
Nernst effect [ItJ , Raman effect pj| , among other exper- 
iments. In what follows we propose an effective Hamilo- 
tonian that is an expression of the fact that pseudogap 
phase gap supports local superconductivity. We assumes 
presence of equal density of positive and negative vor- 
tices that are quasi static and spatially random. That is, 
the thermal vortices are slowly moving compared to time 
scale of interest to us. 

Our effective Hamiltonian for pseudogap normal state 
has the form: 

^normal — ^ ^ ^rri^a^ma (^) 

The index m denotes eigen modes of Bogolibov quasipar- 
ticle operator a\ na = u m c\ na + av m c_ m _ a . In view of 
presence of disordered vortices in the background, single 
particle eigen modes are not Bloch states; some localized 
and rest extended. Our conclusions hold good even for 
the d-wave symmetry situation in cuprates. 

In the absence of external magnetic field we have pairs 
of degenerate single particle eigen states (nrf, - m \), 
connected by time reversal symmetry. As in the BCS 
case, a pair subspace (nrf, - m \.) is occupied by A-atom 
in its ground or excited state or an unpaired fermion. 
By using same arguments as in the BCS case, bosonic 
excitation sector in the normal state pseudo gap phase, 
coupled to the single phonon mode gives us a Dicke type 
pseudo spin Hamiltonian: 

(10) 

Here the operator oi^a^. = er^ excites an A-atom. 

In terms of A-atom and ferminic quasi particle there is 
a key difference between the BCS supercodnuctor and the 
cuprate superconductors above Tc. In a standard BCS 
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superconductor, the pair subspace (k f, — k i), is domi- 
nated by fermionic quasi particles and nearly vanishing 
density of A-atom. Whereas, in the pseudogap, which 
exists over a wide temperature range above Tc, the pair 
subspace (mf, -m \.) is dominated by ground and excited 
A-atoms and nearly vanishing density of fermions. This 
makes pseudogap phase special and susceptible for tran- 
sient superconductivity. 

To understand how superradiance induces transient su- 
perconductivity in the pseudo gap phase, we have to go 
beyond our model Hamiltonian (equation 10) and con- 
sider selfconsistent modification of u m and v m 's. We offer 
a feed back mechanism. Qualitatively it is as follows. A 
subspace (mf , - m l) contains A-atoms with high prob- 
ability, in ground or excited states; fermions with low 
probability. A fraction of excited A-atoms are in reso- 
nance with the macroscopically occupied phonon mode. 
In view of macroscopic occupancy, the boson mode stim- 
ulates the near resonant excited A-atom to emit a boson 
and reach its ground state. In the process we create an 
excess population of ground state A-atoms. Increase in 
density of ground state A-atoms means increased super- 
conducting correlation (increase in magnitude of UfeV^); 
consequently an increase in superradiance interaction. 
Thus there is a positive feedback, which could establishes 
a transient long range superconducting order. As pseudo 
gap phase extends to room temperatures in some of the 
underdoped cupraets, our mechamism offers a possibility 
to observe room temperature transient superconductiv- 
ity. This is one more incentive for authors of reference 
[9( to confirm their exciting observations. 

To establish superconductivity in the normal state of 
a Kosterlitz Thouless superconductor, what we need is 
only a spatial reorganization of random thermal vortices 
into either i) a fluid of bound vortex-antivortex pairs as in 
Kosterlitz-Thouless phase or ii) an ordered lattice of pos- 
itive and negative vortices (see note (HI). The increased 
pairing correlation from superradiance increases the core 
energy of the thermal vortices and a corresponding in- 
crease of vortex pair binding energy. Resulting increase 
in population of paired vortices help create transient su- 
perconductivity. 

In addition to superconductors, it will be interest- 
ing look for superradiant superfluidity in pairing dom- 
inatated fermion systems: superfluid He 3 , cold atoms, 
heavy nucleii and nuclear matter. 
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